Background: Although a substantial number of studies have investigated the relationship between birth weight and serum cholesterol later in life, the results vary extensively. The aim of this study was to explore the relationship between birth weight and total cholesterol concentration in adulthood. Methods: We considered the results of several published observational studies that reported the association between birth weight and total cholesterol concentration in adulthood. The associations were assessed by linear regression coefficients. Summary regression coefficients with 95% confidence intervals (CI) were computed using random-effects models. Subgroup and sensitivity analyses were also conducted to explore possible explanations for heterogeneity among the studies. Results: A total of 20 studies with 26,122 participants were identified. After adjustment for adult body mass index, the summary regression coefficient for an increment in birth weight of 1 kg was À0.09 mmol/L (95% CI: À0.13, À0.05) for men without heterogeneity (I 2 ¼ 17.2%) and À0.08 mmol/L (95% CI: À0.13, À0.03) for women with low heterogeneity (I 2 ¼ 34.0%). Stratified and sensitivity analyses generally confirmed the robustness of the findings in men. However, subgroup analyses by age indicated that the association of birth weight with total cholesterol was statistically significant only in women aged <50 years. There was no evidence of publication bias in these studies. Conclusion: Based on our results, lower birth weight was found to be associated with higher concentrations of total cholesterol in men aged >18 years and in women aged <50 years.
Introduction
Hypercholesteremia in adulthood is commonly known as an important risk factor for cardiovascular disease. To explore the origin of hypercholesteremia, numerous studies have investigated the effects of birth weight on serum cholesterol in later life, and some meta-analyses have been conducted to explore the association; however, the results are pronouncedly varied. Some studies reported that the association between birth Conflicts of interest: The authors declare that they have no conflicts of interest related to the subject matter or materials discussed in this article.weight and total cholesterol only existed in men or women, 1e3 whereas other studies suggested that the association was the same in both the sexes. 4 Additionally, the effect of age on this association should be considered. 5 However, none of the published meta-analyses studies focused on adult serum cholesterol; instead, they assessed the association across various age groups. Additionally, since the last meta-analysis was published, many new studies focusing on adults have been reported. 6e8 Therefore, a new meta-analysis of the relationship between birth weight and total cholesterol in adulthood is justified.
Methods
This meta-analysis was reported following the recommendations proposed by the Meta-analysis of Observational Studies in Epidemiology and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) groups.
Search strategy
We performed a literature search on the electronic databases PubMed (1966 The search strategy consisted of title, abstract words, and subject headings related to birth weight and cholesterol. The search strategy was limited to humans, but not to study design. Additionally, references from relevant articles were reviewed to identify potential relevant studies.
Study selection
Two independent reviewers, Lianhui Chen (CLH) and Shanshan Chen (CSS), screened papers based on the following inclusion criteria: (1) observational studies; (2) there were no additional manipulations or complications during pregnancy; (3) participants were aged >18 years; (4) birth weight was the exposure of interest; (5) birth weight was not self-reported; and (6) total cholesterol was the outcome of interest. Discrepancies in the selection process were independently resolved by a third reviewer Li Liang (LL). The study selection process is summarized in the PRISMA flow diagram.
Data extraction and quality assessment
CLH extracted data using a standard form, which was checked by LL and CSS. The following were extracted from each included study: the year of publication, first author's name, study location, sample size, participants' sex, age at examination, regression coefficients between birth weight and total cholesterol, and adjustment for confounders. We thoroughly reviewed those studies without regression coefficients by sex and dispersion measures. 6e14 We used the NewcastleeOttawa Scale to quantitatively evaluate the methodological quality of the studies. Two reviewers (CLH and CSS) independently assessed all the eligible studies, and disagreements were resolved by a third reviewer (LL). Those studies with a score !7 were included in the final meta-analysis.
Statistical analyses
All statistical analyses were performed using STATA software (version 12.1; StataCorp, College Station, TX, USA). Heterogeneity among the studies was assessed using Q and I 2 statistics. A p value < 0.1 was considered to be statistically significant for the Q statistic. Heterogeneity was considered low, moderate, and high using I 2 values of 25%, 50%, and 75%, respectively. Linear regression coefficients were derived using random-effects models, because, unlike fixed-effect models, these account for sampling errors and possible heterogeneity between the studies. For studies that did not provide standard errors of regression coefficients, these were estimated from the p value or 95% CI. 3,4,10,15e18 To explore the potential sources of heterogeneity and the effect of age on the associations, we performed stratified analyses according to participants' age. Additionally, studies were stratified by national income levels according to the World Bank classification. To test the influence of a single study on the summary regression coefficient, sensitivity analyses were performed by omitting each study in turn while pooling results from the remainders. Potential publication bias was examined by Egger's regression asymmetry test.
Results

Study characteristics
The course of the systematic review is illustrated in Fig. 1 . In summary, a total of 20 studies were included in the metaanalysis. These studies were published between 1993 and 2013, and included a total of 13,358 male and 12,764 female participants.
Of the 20 studies, 16 were conducted in high-income, two in upper-middle-income, and the remaining studies in lowermiddle-income countries. Eight of the studies involved participants aged 50e76 years, and the other studies involved participants aged 18e50 years. The majority of studies included both sexes (85%) and presented a sample size below 1000 participants (65%).
Quality assessment
After the quality assessment was completed, two studies were considered to be of low methodological quality (scores 6) and excluded from the final meta-analysis. Since we excluded the studies that had birth weight self-reported in the selection process, most of the studies (82%) received a full score in the selection scale, which was based on the representativeness of subjects and ascertainment of exposure. In the comparability scale, two studies did not adjust for adult body mass index (BMI), and one study only reported crude coefficients. The majority of studies did not receive adequate points for follow-up of cohorts, primarily due to low follow-up rates.
Main analysis
Among men, 20 studies were included in the meta-analysis of linear regression coefficients. 1,3,4,6e22 The summary regression coefficient of total cholesterol for an increment in birth weight of 1 kg was À0.09 mmol/L (95% CI: À0.13, À0.05), without heterogeneity ( p ¼ 0.239, I
2 ¼ 17.2%). There was no evidence of publication bias ( p ¼ 0.226).
Among women, 17 studies were included in the metaanalysis. 1,3,4,6e9,11e14,16,18e22 The pooled regression coefficient for an increment in birth weight of 1 kg was À0.08 mmol/L (95% CI: À0.13, À0.03), with a low level of heterogeneity among the studies ( p ¼ 0.085, I
2 ¼ 34.0%). Also, there was no evidence of publication bias ( p ¼ 0.613).
Stratified and sensitivity analyses
We repeated our statistical analyses on subgroups of the data using 50 years as the stratifying age. The results were generally similar to the results from the full dataset in men; however, it showed a different effect of birth weight on total cholesterol in women (see Table 1 ). The pooled regression coefficient for an increment in birth weight of 1 kg was 0.10 mmol/L (95% CI: À0.16, À0.04) in women aged <50 years, whereas the coefficient was 0.02 mmol/L (95% CI: À0.10, 0.06) in women aged >50 years. All the subgroup analyses by age had no or low heterogeneity among the studies.
Additionally, we conducted stratified analyses by national income levels as noted in the World Bank report. The results of analyses of high-income countries were generally similar to the results from the full dataset in both sexes. However, in middle-income countries, including lower-middle-income and upper-middle-income countries, the analyses showed no effect of birth weight on total cholesterol (see Table 1 ). All the subgroup analyses by income levels showed low heterogeneity among the studies, except the analysis of women in middleincome countries, which showed moderate heterogeneity.
In the sensitivity analyses without incorporating the Cooper and Power 1 study, the pooled regression coefficient for men ranged from À0.12 mmol/L (95% CI: À0.15, À0.08) to À0.07 mmol/L (95% CI: À0.11, À0.03) when the study by Miura et al 16 was excluded. The pooled regression coefficient for women ranged from À0.10 mmol/L (95% CI: À0.15, À0.05), when the study by Skidmore 18 was omitted, to À0.07 mmol/L (95% CI: À0.13, À0.02) when the study by Cooper and Power 1 was excluded. We also repeated all the statistical analyses on the data without adjustment for adult BMI (see Table 1 ). The summary regression coefficient of total cholesterol for an increment in birth weight of 1 kg in men was À0.06 mmol/L (95% CI: À0.10, À0.03), without heterogeneity ( p ¼ 0.346, I
2 ¼ 8.8%), whereas that in women was À0.06 mmol/L (95% CI: À0.12, À0.01), with low heterogeneity among the studies ( p ¼ 0.037, I 2 ¼ 41.7%). The results of the stratified analyses were generally similar to the results from the data adjusted for adult BMI. In conclusion, the current meta-analysis ascertained that lower birth weight is associated with higher concentrations of total cholesterol in adult men and women before or after adjustment for adult BMI. This association is consistently observed in men in the subgroup and sensitivity analyses, but the effect was only observed in women aged <50 years. In the stratified analyses by income levels, the association only exists in high-income countries, but not in middle-income countries. Furthermore, the association after adjustment for adult BMI is similar to the results before adjustment, indicating that the observed adjusted association is unlikely to be an artifact due to the positive association between birth weight and adult BMI.
Discussion
Lower birth weight is associated with an increased risk of adult coronary heart disease and stroke. 23 However, the mechanisms underlying this association are still elusive. Because elevated serum cholesterol is a strong risk factor for cardiovascular disease, many researchers have tried to clarify the relationship between birth weight and total cholesterol. A most recent meta-analysis published in 2006 showed a slight inverse association (À0.04 mmol/L, 95% CI: À0.07 to approx. À0.02) between birth weight and total cholesterol after adjustment for age and current BMI. 24 The other two metaanalyses both showed a similar inverse association (À0.048 mmol/L, 95% CI: À0.078 to approx. À0.018 and À0.036 mmol/L, 95% CI: À0.047 to approx. À0.025).
5, 25 The associations in these studies were similar, yet weaker than those in our study. All these studies assessed the association across all age groups. In the study by Owen et al, 25 the differences in the associations among three age groups were explored using the meta-regression method; however, no consistent difference was found among the three age groups. Furthermore, their research included 12 adult studies, which was considerably less than those included in our study.
Additionally, their definition of adulthood was different; they defined adult as age >16 years, whereas we defined it as age >18 years in our study. Hence, we excluded a large study conducted by Davies et al. 2 However, when we included this study, the results were similar (the effect was À0.09 mmol/L, 95% CI: À0.13 to approx. À0.06 for men and À0.07 mmol/L, 95% CI: À0.13 to approx. À0.01 for women). Therefore, the difference between the study by Owen et al 25 and our study may result from the different age groups of participants and the addition of new studies. Moreover, due to regression dilution bias, errors in the assessment of birth weight would tend to produce underestimation of the true strength of any association with subsequent outcome. Hence, the exclusion of studies whose birth weight was reported by recall would produce more precise and greater impact. Additionally, the effect may be underestimated because birth weight was a crude indicator of intrauterine undernutrition. It has been reported that a 0.5 mmol/L increase in total cholesterol concentration results in an increase in coronary heart disease mortality risk of 17%. 26 Thus, the association we describe between birth weight and adult total cholesterol is modest but significant in public health terms.
In the subgroup analyses by age, we found a sex difference in the birth weightetotal cholesterol association, which was of no statistical significance in women aged >50 years. The sex differences were also reported by other researchers, although in different forms. 1, 3, 16 The statistically significant association was only found in men in Ziegler et al's study 3 and in women in Cooper and Power's study, 1 whereas it was found in both sexes in Miura's study. However, our study is the first study analyzing sex difference by age groups in adults. The sex difference may be due to the differences in cholesterol metabolism in men and women, especially after menopause in women. 27 Postmenopausal women had significantly higher concentration of total cholesterol, which may mask a birth weight effect. Additionally, in the review by Aiken and Ozanne, 28 they suggested that the sex differences in Table 1 Pooled estimates of effect size and 95% CIs for the effects of birth weight (kg) on total cholesterol (mmol/L) by sex, age, and national income levels. developmental programming models were due to the differential ability of the male and female fetus to respond to a particular stress, and this differential response may lead to different cholesterol levels in men and women, respectively. Moreover, there were 9312 women aged <5 0 years in this meta-analysis compared with only 3452 women aged >50 years. Thus, this phenomenon may result from a much smaller sample size in women aged >50 years. Future cohort studies with larger sample size of postmenopausal females are needed to clarify the association. A recent study showed that total cholesterol concentration was significantly associated with national income levels in both 1980 and 2008. 29 Thus, the postnatal environment may modify the association between total cholesterol and birth weight. However, it is not feasible to evaluate the association in different countries in one single study. Furthermore, none of the published meta-analyses have assessed the association by national income levels. In the current study, we found a significant association in high-income countries for both sexes, but not in the middle-income countries. This result may be due to the different life styles in different income level countries. Another possible explanation is the much smaller sample size of studies from the middle-income countries (n ¼ 1785) compared with high-income countries (n ¼ 24,337).
It has been suggested that the observed inverse association of birth weight with adult cardiovascular risk factors after adjusting for adult BMI may be based on its positive association with current size. 30 However, in our data, the association was similar before and after adjustment for adult BMI.
In contrast to other studies, we did not find statistically significant heterogeneity in the current study ( p ¼ 0.239 for men and p ¼ 0.085 for women). The heterogeneity was accounted for by differences between men and women in the study by Lawlor et al 24 and by smaller studies and studies focusing on infants like the study by Huxley et al. 5 Therefore, the loss of heterogeneity in our study may be due to a larger sample size of adults, analysis of data by sexes, and only including adults in the current study.
The current meta-analysis presents several strengths. First, the possibility of recall bias, which was often a concern in cohort studies, was eliminated by the restriction to studies which reliably ascertained size at birth. Second, the final metaanalysis excluded low methodological quality studies, so that the results were more reliable. Finally, no publication bias was found, and the sensitivity analyses consolidated our results.
The limitations in our analyses should also be considered. In general, low birth weight is referred to as birth weight lower than 2500 g. In the current study, we did not analyze the data by birth weight category. Therefore, it was impossible to report the range of birth weight that has the strongest effect on total cholesterol. Rich-Edwards et al 23 found that the association between birth weight and nonfatal cardiovascular diseases was driven by participants born at the extremes of birth weight (<2495 g). Whether the situation is the same in the birth weightetotal cholesterol association is still unknown, and needs to be evaluated in future studies. Additionally, all the included studies were observational, therefore problems with residual confounding were not addressed. Finally, although we researched the studies without language limitation, there were no non-English papers that met our inclusion criteria. However, we did not find any publication bias in the analyses.
In conclusion, the results of this meta-analysis suggest that lower birth weight, independent of adult adiposity, is associated with higher levels of serum total cholesterol in men aged >18 years and women aged <50 years.
